Background: Although aspirin is recommended for the prevention of colorectal cancer, the specific individuals for whom the benefits outweigh the risks are not clearly defined. Moreover, the precise mechanisms by which aspirin reduces the risk of cancer are unclear. We recently launched the ASPirin Intervention for the REDuction of colorectal cancer risk (ASPIRED) trial to address these uncertainties.
Background

Background and rationale
Colorectal cancer (CRC) remains the second leading cause of cancer-related deaths in the United States despite the increasing adoption of screening [1] . Thus, the development of alternative strategies for prevention remains a high priority. Aspirin (acetylsalicylic acid) has emerged as perhaps the most promising chemopreventive agent to date with numerous basic, epidemiological and clinical studies supporting its anticancer effects, especially against CRC [2] . In view of this compelling evidence, the United States Preventive Services Task Force recently recommended the use of aspirin for the primary prevention of CRC as well as cardiovascular disease (CVD) in individuals aged 50-69 years with elevated cardiovascular risk profiles [3] .
Nonetheless, aspirin is associated with harms, including gastrointestinal bleeding, for which the risk increases with age, as well as dose and duration of use [2, 3] . The field is now at a critical juncture where broader adoption of an aspirin-based chemoprevention strategy requires human data clarifying the optimal dose and mode of action, which ultimately may help identify subgroups of individuals for whom the preventive benefits outweigh the harms. Carefully designed randomized clinical trials that examine a range of molecular biomarkers associated with aspirin's mechanisms will provide a cost-efficient means to illuminate the molecular underpinnings of aspirin's chemopreventive effects and validate putative risk-stratification biomarkers. We have recently initiated the "ASPirin Intervention for the REDuction of colorectal cancer risk" (ASPIRED) trial to achieve this goal.
Objectives
Within the gastroenterology practice of Massachusetts General Hospital (MGH), we will conduct a prospective, double-blind, placebo-controlled, randomized clinical trial to measure the effects of daily low-dose (81 mg/day) and standard-dose (325 mg/day) aspirin on urine, plasma, stool, and tissue biomarkers associated with CRC among patients with a prior adenoma history. This study is designed to advance the mechanistic understanding of aspirin's anticancer mode of action with the goal of identifying individuals most likely to benefit from an aspirin-based chemoprevention regimen. Specifically, we hypothesize that:
Aspirin at 81 mg/day or 325 mg/day reduces urinary prostaglandin metabolites (PGE-M), a biomarker of prostaglandin tone, to levels associated with low risk of colorectal neoplasia Aspirin at 81 mg/day or 325 mg/day reduces plasma macrophage inhibitory cytokine-1 (MIC-1), an inflammatory biomarker Aspirin at 81 mg/day or 325 mg/day impairs binding of transcription factor 7-like 2 (TCF7L2)/T-cell factor 4 (TCF4) at the 8q24 CRC risk locus in colonic epithelium, particularly among individuals with the 8q24 CRC susceptibility allele Aspirin at 81 mg/day or 325 mg/day lowers expression of Wnt signaling genes (CTNNB1, AXIN-2 and MYC) and hydroxyprostaglandin dehydrogenase 15-(NAD) (HPGD) in colonic epithelium Aspirin at 81 mg/day or 325 mg/day is associated with less neoplastic nanomorphological cellular signatures from brushings of normal colorectal mucosa Aspirin at 81 mg/day or 325 mg/day is associated with an increase in oral and gut microbial diversity, function, and genomic richness and inhibits microbial pathways associated with CRC
Methods/design
Trial design ASPIRED is a prospective, double-blind, placebocontrolled, three-arm randomized controlled trial. We will target 180 individuals (60 per arm) for enrollment.
Participants, interventions and outcomes Study setting
A single-center, academic hospital (MGH)
Eligibility criteria
Potential participants will be identified within the gastroenterology practice of MGH. Eligible adults (aged 18-80 years) will have had at least one adenoma removed during a qualifying endoscopy within 9 months of study enrollment, confirmed via official pathology reports. Full inclusion and exclusion criteria are included in Table 1 .
Interventions
The first dose of the study medication will be provided to participants immediately upon completing the initial baseline flexible sigmoidoscopy (start of randomization). Aspirin is an odorless, white, needle-like crystalline or powdery substance. Generic aspirin is provided as an oral tablet at an 81-mg or a 325-mg dose. To maintain blinding, we use specially designed formulations in which aspirin tablets are crushed into a powder. An amount of powder that reflects the appropriate dose is then placed in a gel capsule with a lactose filler. In the case of placebo, an identically sized capsule filled only with lactose is used. Participants will be instructed to consume one study capsule per day with food and a full glass of water until they return for their final visit. The final visit will occur a minimum of 8 weeks, but no more than 12 weeks after the initial visit. The study duration is designed to maximize feasibility and compliance. Moreover, in a pilot study, two doses of 650 mg of aspirin, 14 h apart, were sufficient to reduce urinary PGE-M levels by 44% [4] . Furthermore, aspirin and other NSAID agents have been shown previously to have an effect on recurrent adenoma risk within as little as 1 year, [5, 6] which suggests that biological impact of the treatment on colonic epithelium may be reasonably measured within 2-3 months. The capsules will be packaged in a pill bottle containing 84 capsules (12-week daily supply) and participants will return any unused capsules and the bottle to study staff at the final visit. Remaining capsules will be counted as a measure of compliance. Weekly calls from study staff during this 8-12-week period will be used to monitor adherence and adverse events and promote retention. Any use of nonstudy aspirin or other NSAID during this time period will result in the participant being withdrawn from the study and an exit visit will be performed at that time. Participants will be provided with US$200 compensation and free parking for the baseline visit and US$300 and free parking for the final visit, resulting in a total of US$500 following successful completion of the study.
Outcomes
This trial aims to examine the post-treatment effect of lowdose (81 mg/day) and standard-dose (325 mg/day) aspirin on pretreatment urinary PGE-M. Secondary endpoints include the effects of aspirin on the following CRC-associated biomarkers:
Plasma MIC-1, an inflammatory biomarker TCF7L2/TCF4 binding at the 8q24 CRC risk locus in colonic epithelium Wnt signaling proteins (i.e., β-catenin, AXIN-2 and MYC) and HPGD gene expression as measured by ribonucleic acid (RNA)-sequencing (RNA-seq) of sorted colonic epithelial cell populations Spectral biomarkers of colorectal carcinogenesis from cytology brushings Bacterial populations and products associated with CRC in saliva and stool A detailed description of the rationale for the selection of these biomarkers and their biological relevance to aspirin chemoprevention appears in the "Discussion" section.
Participant timeline
The study timeline (Standard Protocol Items: Recommendations for Interventional Trials (SPIRIT) diagram consistent with the SPIRIT Checklist. The SPIRIT Checklist is attached as Additional file 1: SPIRIT Checklist) appears as Fig. 1 . At the initial (baseline) visit, the study physician obtains written informed consent for the study, as well as a standard clinical consent for a flexible sigmoidoscopy. Following completion of this visit, the participants are considered "on treatment" (start of randomization) and take blinded aspirin or placebo daily until the end of the treatment period (8-12 weeks later). At the end of the treatment period, participants will return for a final visit during which a second flexible sigmoidoscopy will be performed. Both clinical visits are identical in their data and specimen collection approaches. Participants are asked to complete a brief lifestyle and dietary questionnaire, which is subsequently transferred (via double entry) to a secure REDCap electronic database system. Trained study staff will collect measurements of height, weight, waist and hip circumference, as well as blood (three 10-mL vials), urine (approximately 20 mL) and saliva specimens (2-3 mL). Twenty milliliters of , or any diagnosis of other cancers (with the exception of non-melanomatous neoplasia of skin) in which there has been any active treatment within the last 3 years • Use of any nonaspirin, nonsteroidal anti-inflammatory drug (NSAID) at any dose at least 3 times/week during the 2 months prior to randomization • History of aspirin intolerance, bleeding diathesis, peptic ulcer or gastrointestinal bleed, endoscopic complications, or contraindication to colonoscopy • History of allergic reactions attributed to compounds of similar chemical or biologic composition to aspirin • Taking any anticoagulant agent (e.g., warfarin) or antiplatelet agent (e.g., clopidogrel) • Receiving any other investigational agents • Uncontrolled intercurrent illness including, but not limited to, ongoing or active infection, symptomatic congestive heart failure, unstable angina pectoris, cardiac arrhythmia, or psychiatric illness/social situations that would limit compliance with study requirements • Pregnant or breastfeeding ECOG, Eastern Cooperative Oncology Group whole blood will be immediately aliquoted and frozen at −80°C. Ten milliliters of whole blood will be immediately centrifuged for serum and buffy coat collection, aliquoted and frozen at −80°C. Saliva is immediately aliquoted, frozen on dry ice, and stored at -80°C. Urine is immediately stored on wet ice, aliquoted within 1 h and frozen at −80°C.
A study gastroenterologist will then perform a flexible sigmoidoscopy, advancing to the level of the distal sigmoid colon. No bowel preparation will be necessary for the procedure. Thus, stool will be either aspirated through the endoscope or collected using a Roth net then aliquoted into cryovials, immediately frozen on dry ice, and stored at -80°C . The gastroenterologist then identifies an area of the rectosigmoid junction, clear of any stool, to collect cellular material using an endoscopic cytology brush. The brush heads are cut and placed immediately into a tube containing 25% ethanol, then placed on wet ice until storage at 4°C. These samples are kept cold through shipment and processed for partial wave spectroscopy (PWS) within 2 − 3 days of collection. Last, the gastroenterologist collects 24 pinch-biopsy specimens that are processed and stored under multiple conditions (e.g., formalin-fixed, paraffin-embedded; flash- 
Sample size
We calculated the sample size required to estimate the effect of aspirin on our primary endpoint, urinary PGE-M, using the two aspirin groups combined versus placebo. The null hypothesis is: H 0 : Δ aspirin -Δ placebo = 0 versus H A : Δ aspirin -Δ placebo ≠ 0, where Δ aspirin and Δ placebo are the mean changes in urinary PGE-M level from baseline to end of treatment for the intervention and placebo groups, respectively. Based on prior studies [4, 7, 8] we assumed a standard deviation (SD) of 5.0 for a single measurement of PGE-M and an intraclass correlation (ICC) of 0.1. We will recruit 60 participants in each group to account for the possibility of dropout (20%). Assuming 45 participants in the placebo group and 90 participants in the combined aspirin group will complete the study, we estimate 90% power to detect a mean change of PGE-M level in the aspirin group of 4.0 ng/mg, compared with no change in the placebo group, assuming a type I error rate of 0.05. This minimum detectable difference in mean change is consistent with the difference in the median level of PGE-M among individuals at high risk for adenoma compared to those with low risk [7] .
Recruitment
Patients who meet the inclusion criteria will be identified through investigators during their routine clinical practice, supplemented by a periodic query of the MGH endoscopy and pathology databases. Potentially eligible participants are approached by letter from their treating physician. Two weeks after receiving the letter, study staff will contact eligible parties and screen for eligibility via phone interview. If eligibility is established, individuals are mailed a copy of the Informed Consent Documents (Informed Consent Documents included as Additional file 2). Written informed consent is obtained from each participant by a study physician prior to performing any study-related procedures.
Assignment of interventions Allocation
The randomization schedule will not be disclosed to the investigator or any personnel involved in the conduct of the study before the database is locked, except as described here. Enrollment and randomization will be carried out by the Office of Data Quality within the Dana-Farber/Harvard Cancer Center (DF/HCC) into three arms: placebo, 81 mg/day, or 325 mg/day. Randomization assignment is dispatched directly to the MGH Research Pharmacy by the Office of Data Quality.
Blinding
Neither the participant nor the study physician or any study personnel will know which of the three treatments (placebo, 81 mg/day, or 325 mg/day) the participant is receiving. The Office of Data Quality will provide randomization assignment to the MGH Research Pharmacy. The MGH Research Pharmacy will provide blinded capsules. The investigator or treating physician may unblind a participant's treatment assignment only in the case of emergency, when knowledge of the study treatment is Participants are asked to provide relevant lifestyle and dietary histories via paper questionnaire. Anthropometric measurements are collected at each visit by study staff. In addition, participants provide urine, saliva, blood, stool, and tissue samples at both study visits essential for the appropriate clinical management or welfare of the participant. If the blind is broken by the investigator, the participant will be permanently discontinued from the study and an early termination assessment will be completed. If unblinding is necessary, study staff will contact the Office of Data Quality.
Data collection, management and analysis Data management
Upon consent, participants will be assigned a three-digit unique identifier assigned sequentially by study staff. All data and specimens collected will be stored and labeled using this coded identifier. Data collected via questionnaires and clinical research forms will be transferred via double entry to a secure REDCap electronic database system.
Statistical methods
The primary and secondary efficacy analyses will be performed on an intention-to-treat basis, with endpoints determined for all patients who complete the final flexible sigmoidoscopy and sample collection, regardless of whether the patient complied with study drug use. To illustrate the statistical plan, we provide the analysis plan intended for the primary endpoint. The primary endpoint will utilize an intention-to-treat analysis comparing the effect of each treatment on end-of-treatment change in urinary PGE-M compared to the change in the placebo group, using a two-sample t test. In secondary analyses, a multivariate linear regression model adjusting for other covariates will be used in case there exist imbalances in determinants of change in PGE-M levels between arms. A robust variance estimate will be used to eliminate any normality assumptions for the residuals. Statistical methods for each secondary endpoint are available upon request to the authors.
Monitoring
Data monitoring
The DF/HCC Data and Safety Monitoring Committee (DSMC) will review and monitor toxicity and accrual data from this study. The DSMC is composed of clinical specialists with experience in oncology and who have no direct relationship with the study. Information that raises any questions about participant safety will be addressed with the overall principal investigator and study team. The DSMC will review each protocol up to four times a year, or more often if required, to review toxicity and accrual data. Information to be provided to the committee may include: up-to-date participant accrual; current dose-level information; all grade 2 or higher unexpected adverse events that have been reported; any response information; audit results, and a summary provided by the study team.
Other information (e.g., scans, laboratory values) will be provided upon request.
Ethics and dissemination Research ethics approval
This study and its respective consenting procedures was approved by the DF/HCC Institutional Review Board (Protocol # 14-496) on 9 December 2014 and activated on 10 April 2015. The first participant was enrolled on 6 July 2015. The current protocol (Amendment 10/Version 12) was approved via continuing annual review on 24 October 2016.
Protocol amendments
All amendments are reviewed by the DF/HCC Institutional Review Board and communicated as necessary in writing to relevant parties.
Consent
Written, signed, informed consent will be collected by a study physician prior to any study-related procedures.
Confidentiality
We will take measures to protect the privacy and security of all participants' personal information, but we cannot guarantee complete confidentiality of study data. Medical information created by this research study may become part of a DF/HCC research database. The results of this research study may be published, but participants will not be identified without their permission.
Declaration of interests
ATC previously served as a consultant for Bayer Healthcare, Millennium Pharmaceuticals, Aralaz Pharmaceuticals, and Pfizer Inc. HKR is a minority shareholder of Nanocytomics LLC and American BioOptics. SM has an unlicensed intellectual property patent covering use of HPGD to predict NSAID response. This study was not funded by Bayer Healthcare, Millennium Pharmaceuticals, Aralaz Pharmaceuticals, Pfizer Inc., Nanycytomics LLC, or American BioOptics. No other competing interests exist. The other authors declare that they have no competing interests.
Access to data
Coded samples and/or data may be sent by MGH or DF/ HCC to other researchers who are also studying aspirin chemoprevention and/or collaborating with the study team including, but not limited to, the National Institutes of Health, the Ragon Institute, the Dana-Farber Cancer Institute, Children's Hospital, Vanderbilt University, the Broad Institute, Northwestern University, and the Harvard T.H. Chan School of Public Health. All other scientists and/or collaborators must meet MGH requirements for sharing samples and/or data including treating the data or materials as medically confidential, obtaining approval from their Human Subjects Review Boards, and agreeing not to share the data or materials with other parties. Affiliated researchers or laboratories outside of DF/HCC and MGH will never know who a participant is, nor have access to the code linking the samples back to the participants.
Dissemination policy
The results should be made public within 24 months of reaching the end of the study. The end of the study is the time point at which the last data items are to be reported, or after the outcome of data are sufficiently mature for analysis as defined in the statistical analysis section. We plan to publish in a peer-reviewed journal; thus, the initial release may be an abstract that meets the requirements of the International Committee of Medical Journal Editors. A full report of the outcomes should be made public no later than 3 years after the end of the study. Results will also be available through ClinicalTrials.gov.
Discussion
We hypothesize that aspirin, by reducing the risk of multiple cancers and CVD, has a favorable risk-benefit profile for most individuals and influences several neoplastic pathways which can be exploited as biomarkers of chemopreventive efficacy. The following study will examine dose-dependent effects of aspirin treatment on specific biomarkers of colorectal carcinogenesis. In doing so, we aim to provide causality for aspirin's overall risk-benefit established by other studies. We and others have put forth considerable effort to determine measurable biomarkers implicated in colorectal carcinogenesis, which we have recently summarized in a comprehensive review [2] . A brief discussion of the biomarkers that will be measured during ASPIRED and their significance is provided below:
Urinary PGE-M (primary endpoint)
We have previously shown that aspirin's influence on CRC is mediated at least in part through inhibition of prostaglandin-endoperoxide synthase-2 (PTGS-2; or cyclooxygenase (COX)-2), [9, 10] which catalyzes production of prostaglandin E2 (PGE 2 ), leading to induction of proliferation, migration and invasiveness, promotion of angiogenesis, resistance to apoptosis and modulation of cellular and humoral immunity within the tumor. We have estimated overall prostaglandin tone by measuring its major metabolite, PGE-M (11-alpha-hydroxy, 9, 15dioxo-2, 3, 4, 5-tetranor-prostane-1, 20-dioic acid), in urine [8] . This assay is widely accepted as the most valid method of quantifying systemic PGE 2 production in vivo [11] . Prediagnostic levels of PGE-M are associated with risk of CRC and adenoma [12] [13] [14] . In the Nurses' Health Study, women in the highest quartile of PGE-M levels had a multivariate odds ratio (OR) of 1.66 (CI, 1.04-2.66) for high-risk adenoma compared to women in the lowest [7] . Moreover, aspirin/NSAIDs was associated with a significant reduction in adenoma risk among women with high (OR, 0.61; CI, 0.43-0.87) but not low PGE-M (OR 1.05; CI, 0.50-2.19). These results support the potential for PGE-M to define subsets of the population who may obtain differential chemopreventive benefit from aspirin. PGE-M has also been associated with gastric and breast cancer [15] [16] [17] . Moreover, in a study of 10 individuals, two doses of 650 mg of aspirin administered 14 h apart reduced PGE-M by 44% [4] . Thus, PGE-M may also serve as a biomarker to assess the effectiveness of aspirin in reducing the risk of adenoma. However, randomized studies are needed to determine if aspirin at typical doses of either 81 mg/day or 325 mg/day inhibits generation of PGE-M to a level associated with low adenoma risk.
Plasma MIC-1
The circulating inflammatory cytokine MIC-1 (also known as growth differentiation factor 15 (GDF-15), [18] placental bone morphogenetic protein (PLAB), [19] or prostatederived factor (PDF) [20] ) may be an important mediator in systemic inflammatory response [21, 22] . MIC-1 has also been linked to cancers, including those of the prostate, thyroid, pancreas and colon, [23, 24] and recurrent adenoma [25] . Experimental evidence suggests that MIC-1, as a member of the human transforming growth factor-β (TGFβ1) superfamily, may play a specific role in carcinogenesis [26] [27] [28] . We recently reported that the multivariable relative risk (RR) for CRC was 1.93 (CI, 1.27-2.94) comparing extreme quintiles of MIC-1 (P trend = 0.004). Among individuals with high MIC-1, aspirin/NSAIDs were associated with a lower risk of PTGS-2-positive (multivariate RR = 0.60; CI, 0.41-0.88) but not PTGS-2-negative CRC (multivariate RR = 1.21; CI, 0.71-2.07) [29] . Taken together, these results support the potential for plasma MIC-1 to serve as a biomarker to define subsets of the population who may obtain differential chemopreventive benefit from aspirin. Thus, randomized studies are needed to determine whether aspirin (81 mg/day or 325 mg/day) specifically reduces levels of MIC-1.
ChIP-seq in colonic epithelium, Wnt/β-catenin
Activation of the Wnt/β-catenin signaling pathway plays a critical role in colon tumorigenesis [30] [31] [32] . β-catenin is a key effector in Wnt signaling since T-cell factor family members transcribe their target genes only when bound to β-catenin. Several studies have shown that aspirin may directly suppress Wnt signaling through PTGS-independent pathways [33] [34] [35] [36] . In addition, compelling evidence supports a critical interaction between prostaglandin pathways and Wnt signaling such that aspirin may inhibit Wnt signaling through suppression of PTGS-mediated synthesis of PGE 2 [37] [38] [39] [40] [41] [42] . Although these experimental data are compelling, human studies in support of an effect of aspirin mediated through Wnt are limited. In a case-control study of 76 patients, aspirin or ibuprofen use was associated with decreased nuclear staining of β-catenin and the Wnt target gene CCND1 (cyclin D1) in sporadic adenoma [35] . Consistent with these findings, we found that the benefit of regular aspirin use on CRC risk was most pronounced in individuals with T alleles of rs6983267, [43] an 8q24 CRC susceptibility single nucleotide polymorphism [44] [45] [46] that we have shown is associated with impaired β-catenin binding to TCF4 adjacent to MYC [47] . In a murine model, rs6983267 influences MYC expression and intestinal tumorigenesis [48] . We corroborated these results by ChIP-seq showing that aspirin influenced binding of TCF4 in CRC cell lines heterozygous for rs6983267 [43] . The next important step will be to determine if, in vivo, aspirin results in differential binding of TCF4 in regulatory sites adjacent to key cancer-associated genes such as 8q24 within colonic epithelium.
Gene expression in colonic epithelium -HPGD and Wnt signaling
The synthesis of tumor-promoting prostaglandins is regulated not only by PTGS-2, but also by the PGE 2 -catabolizing enzyme HPGD, which acts as a physiological antagonist to PTGS-2 [49, 50] . HPGD is highly expressed in normal colon and is ubiquitously downregulated in CRC [51] [52] [53] [54] [55] [56] . In the Nurses' Health Study and the Health Professionals' Follow-up Study we demonstrated that HPGD expression may be used as a risk-stratification biomarker [57] . Using a validated RT-qPCR assay to quantify HPGD messenger ribonucleic acid (mRNA) expression in normal colonic mucosa, [58] we found that the multivariate hazard ratios associated with aspirin use were 0.49 (CI, 0.34-0.71) among those with high HPGD within normal colon but 0.90 (CI, 0.63-1.27) among subjects with low expression of HPGD (p heterogeneity = 0.02). These results suggest that the anticancer activity of aspirin in colonic mucosa is dependent on high HPGD expression, with low levels of HPGD expression conferring resistance to aspirin's tumorpreventive effects. Despite these findings, however, it is unclear if aspirin directly alters HPGD levels. A prior study showed that β-catenin/TCF4 binds the HPGD promoter to downregulate HPGD expression [59] . This would suggest that if aspirin treatment functions through inhibition of β-catenin/TCF4 binding, HPGD expression should also be upregulated. This would lower PGE 2 levels, potentially serving as negative feedback by further weakening β-catenin function. In a pilot study of 45 patients, we found that aspirin (325 mg/day) was associated with a 10% increase in colonic HPGD expression. However, the sample size was too small to determine statistical significance (p = 0.12) [58] . Thus, a larger randomized treatment study is needed to determine if aspirin (81 mg/day or 325 mg/day) specifically inhibits gene expression in colonic cells associated with the Wnt signaling pathway (CTNNB1, AXIN-2 and MYC) and HPGD.
Nanomorphological alterations in colorectal cancer
Cell nanoscale architecture (e.g., fundamental cellular building blocks such as ribosomes, nucleosomes, etc.) is inherently linked to biochemical and genomic processes [60] [61] [62] . Nanoscale alterations to chromatin's structure are one of the earliest events in carcinogenesis and a common denominator of multiple molecular pathways. These morphological alterations result in the appearance of "gold-standard" histopathological markers of dysplasia and neoplasia across most cancer types including CRC. In comparison to the micromorphological markers of dysplasia and malignancy, nanomorphological events occur at an earlier stage of carcinogenesis. In order to perform nanocytology analyses on rectal swabs obtained from the participants of the study, we will use PWS microscopy, a technique which couples spectroscopy with microscopy [63] . Recently, PWS-based nanocytology measurements were used as the primary endpoint for a randomized, placebo-controlled trial of aspirin [64] . Although the results were not statistically significant, the results suggested that aspirin use was associated with less neoplastic signatures from rectal brushings of normal mucosa. The ASPIRED trial plans to enroll more than twice the number of participants of this initial trial and may be powered to gain valuable insight into the earliest measurable benefits of aspirin chemoprevention.
Aspirin, the oral and gut microbiome, and colorectal cancer
The oral and gut microbiomes play critical roles in epithelial cell proliferation and differentiation, intestinal immunity, nutrient processing and metabolite production, and resistance to infection by pathogenic organisms [65, 66] . Moreover, growing evidence has linked specific changes in gut microbial communities with CRC [67] . For example, cross-sectional studies have shown an increased abundance of immunomodulatory and tumor-permissive genera such as Fusobacterium, Enterobacteriaceae and Porphyromonas and a depletion of microbes that may protect against tumorigenesis, including Firmicutes, Slackia, Roseburia, Faecalibacterium, Eubacterium rectale, nonenterotoxigenic Bacteroides and Clostridia [67] [68] [69] . It remains unclear, however, how these bacteria mechanistically influence carcinogenesis. Animal and in vitro studies have provided some evidence that certain bacterial communities promote a proinflammatory environment, leading to the induction of PTGS-2, [70] [71] [72] thereby implicating a role for the microbiome in mediating the chemopreventive properties of aspirin. To date, no studies have determined the biomolecular mechanisms by which oral or gut microbial activity implicated in CRC risk and progression may be altered or respond to aspirin treatment. Defining specific mechanisms by which the oral and gut microbiota mediates the effect of aspirin on CRC will provide compelling evidence of aspirin's chemopreventive properties and strengthen the microbiome-CRC relationship. Moreover, these studies may lead to novel strategies for CRC prevention.
In summary, the ASPIRED trial is designed to provide validation of, and insight into, the many proposed chemoprevention mechanisms of aspirin. In addition, these pathways may inform clinical practice by providing actionable risk-stratification biomarkers. Importantly, the trial has been designed with a forward-looking perspective where biobanked specimens have been stored in multiple conditions to allow flexibility and accommodate future advances in the field. We have selected, a priori, several biomarkers as study endpoints based upon established data highlighting their promise as markers of risk-stratification for CRC and aspirin chemoprevention. Notably, each biomarker has distinct characteristics that may impact how they ultimately are adopted in the clinic. Examining circulating or metabolic factors (e.g., MIC-1 or PGE-M) assayable in relatively noninvasive specimens (e.g., blood, urine and stool) may be more facile to collect in clinical settings; however, such factors may lack relative specificity for neoplasia, In contrast, those biomarkers derived from tissue biopsies (e.g., HPGD expression) may offer greater specificity but require invasive procedures (e.g., endoscopic biopsy) for collection. Lastly, genetic markers, while likely to be more sensitive or specific depending on the strength of interaction with aspirin use and the allele frequencies within the population, may be more challenging to adopt as these tests may require additional interpretation and personalized genetic counseling. With the ASPIRED trial we aim to not only gain insight into the role of these markers in aspirin's chemopreventive mechanism, but also to establish a measure of feasibility for assessing these markers clinically. Hopefully, the ASPIRED trial may serve as an early template for additional chemoprevention agent trials, especially as the field evolves to increasingly emphasize a molecular precision medicine approach for the prevention as well as treatment of disease.
Trial status
Enrolling by invite only. To date (13 January 2017), 35 patients have completed both study visits, 13 patients have completed the baseline visit and are actively on treatment, five patients have been removed from the study for noncompliance (self-administered an off-study aspirin or NSAID) and one patient has been lost to follow-up. Twenty-six patients are scheduled for enrollment. Availability of data and materials Data sharing not applicable to this protocol article as no datasets have yet to be generated or analyzed during the current study. Plans to disseminate data appear in the manuscript within the "Ethics and dissemination" section under the subheadings of "Access to data" and "Dissemination policy." Authors' information Not applicable.
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